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ABSTRACT: The serotonin 5-HT4 receptor (5HT4-R) is an unusually complex G-protein coupled receptor that is likely to play important roles in brain
development and that may underlie the comorbidity of
central and peripheral abnormalities in some developmental disorders. We studied the expression of 5-HT4Rs in the developing mouse forebrain at embryonic
days 13, 15, 17, and at postnatal days 3 and 14 by
using immunohistochemistry, tract tracing, and quantitative RT-PCR. The developing thalamocortical
projections transiently expressed 5-HT4-Rs in the embryonic brain and the 5-HT4-R expression in the forebrain changed from axonal to somatic around birth.

From embryonic days 13–17, the forebrain mRNA levels of the 5-HT4(a)-R and 5-HT4(b)-R splice variants
increased nine- and ﬁvefold, respectively, whereas the
levels of the 5-HT4(e)-R and 5-HT4(f)-R variants
remained relatively low throughout the studied period
of embryonic development. These results suggest that
during development 5-HT4-R expression undergoes a
dynamic regulation and that this regulation may
be important for the normal development of sensory
and limbic processing. ' 2009 Wiley Periodicals, Inc. Develop

INTRODUCTION

contains 25 exons with a part of exon 26 and is likely
to be involved in complex translational regulation of
5-HT4-R expression (Hiroi et al., 2001; Meijer and
Thomas, 2002; Maillet et al., 2005). The 5-HT4-R
gene can produce around 10 C-terminal splice variants in humans and pigs (Bockaert et al., 2006; de
Maeyer et al., 2008; Ray et al., 2009) and at least four
splice variants in mice (Bockaert et al., 2004). The
mouse splice variants (5-HT4(a)-R, 5-HT4(b)-R, 5HT4(e)-R, and 5-HT4(f)-R) have high constitutive
(agonist-independent) activity and the shorter 5HT4(e)-R and 5-HT4(f)-R variants exhibit higher constitutive activity than the 5-HT4(a)-R and 5-HT4(b)-R
variants (Claeysen et al., 1999; Pellissier et al., 2009).
In cell culture, mouse 5-HT4-Rs can activate the
extracellular signal-regulated kinase (Erk) pathway
independently of G-protein-signaling (Barthet et al.,
2007) and, upon agonist stimulation, may be internalized by endocytosis with no recycling (Barthet et al.,

The 5-HT4 receptor (5-HT4-R) is a G-protein coupled
serotonin (5-hydroxytryptamine, 5-HT) receptor that
is coded by an unusually large and complex gene
(Bockaert et al., 2004, 2006; Barthet et al., 2005).
The human 5-HT4-R gene consists of at least 38
exons, contains the adrenergic b2 receptor gene
within its intron 20, and has a promoter that lacks the
TATA- and CAAT-boxes (Bockaert et al., 2004). The
50 -untranslated region (50 -UTR) of the 5-HT4-R gene
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2005). Also, 5-HT4-Rs can form homodimers or heterodimers with adrenergic b2 receptors (Berthouze et
al., 2005, 2007).
5-HT4-Rs are expressed in the brain (Bockaert
et al., 2006), the pituitary gland (Medhurst et al.,
2001), the spinal cord (Millan, 2002), the enteric
nervous system (Liu et al., 2005; Mader et al., 2006),
the esophagus (Poole et al., 2006), the heart (Bach
et al., 2001; Kaumann and Levy, 2006; Lezoualc’h
et al., 2007), the bladder (Claeysen et al., 1999), the
blood platelets (Amisten et al., 2008; Serebruany
et al., 2009), and in some other tissues (Claeysen
et al., 1999; Medhurst et al., 2001). In the brain, 5HT4-Rs are expressed in neurons, both postsynaptically and presynaptically (Vilaro et al., 2005; Bockaert et al., 2006; Millan et al., 2008), and in astrocytes
(Parga et al., 2007; Millan et al., 2008).
In the adult brain, 5-HT4-Rs have been found in
several systems of great functional and clinical importance. In the brainstem, 5-HT4-Rs play an important role in the pre-Bötzinger complex, a region that
generates and controls spontaneous breathing movements (Manzke et al., 2003, 2008). In the rodent
forebrain, 5-HT4-Rs are highly expressed in the
dorsal and ventral striatum (the caudate-putamen,
the nucleus accumbens, the olfactory tubercle, and
the islands of Calleja) and in the hippocampus
(Jakeman et al., 1994; Vilaro et al., 1996, 2005;
Ullmer et al., 1996; Kornum et al., 2009). In the hippocampus, 5-HT4-Rs may enhance memory formation (Mohler et al., 2007; Perez-Garcia and Meneses,
2008). They have also been shown to be located on
the rat presynaptic terminals of the striato-nigral,
dorsal striato-pallidal, ventral striato-pallidal, and
habenulo-interpeduncular (fasciculus retroﬂexus)
pathways (Waeber et al., 1993; Vilaro et al., 2005).
Activation of 5-HT4-Rs in the rat prefrontal cortex
has a strong excitatory effect on serotonergic neurons
in the dorsal raphe nucleus (Lucas et al., 2005), which
may be mediated by the direct cortical-raphe projections (Hajos et al., 1998).
The structural and functional complexity of 5HT4-Rs suggests that these receptors may be
important in brain development. However, their developmental role remains poorly understood. In the
embryonic mouse and rat brains, binding studies
using [3H]GR113808 as a ligand have found high
5-HT4-R binding levels in the brainstem but low levels in the forebrain (Waeber et al., 1994, 1996). During the second and third weeks after birth,
[3H]GR113808 binding decreases in the brainstem,
but it increases and reaches adult-like levels in the
forebrain (Waeber et al., 1994). At around 2 weeks
after birth, the rat substantia nigra and globus pallidus
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exhibit transient peaks in [3H]GR113808 binding
(Waeber et al., 1994). Interestingly, both of these
areas receive afferents that in the adult brain express
5-HT4-Rs presynaptically (Vilaro et al., 2005), suggesting that 5-HT4-Rs may be important for the development and maturation of anatomical projections.
During late embryonic development (embryonic days
18–20), the 5-HT4-R immunoreactivity in the rat preBötzinger complex is predominantly present in the
neuropil, but after birth the neuropil immunoreactivity rapidly decreases and is replaced by somatic
immunoreactivity (Manzke et al., 2008).
Mice lacking functional 5-HT4-Rs exhibit reduced
ﬁring rates in the serotonergic neurons of the dorsal
raphe nucleus, lower tissue 5-HT levels in the rostral
raphe complex, reduced stress-induced hypophagia,
reduced novelty-induced exploratory activity, and
increased sensitivity to a seizure-inducing convulsant
(Compan et al., 2004; Conductier et al., 2006). These
knockout mice also show developmental changes in
the enteric nervous system (Liu et al., 2009). Maternal antibodies against 5-HT4-Rs may lead to various
developmental abnormalities in the embryos (Kamel
et al., 2007). Activation of astrocytic 5-HT4-Rs has
been shown to inhibit the development of dopaminergic neurons in neurospheres (Parga et al., 2007).
To advance understanding of the role of 5-HT4-Rs
in brain development, we focused on their expression
in the developing mouse forebrain. We found that the
thalamocortical projections exhibit high but transient
5-HT4-R expression in the embryonic brain, suggesting that these receptors may be important for the normal development of sensory and limbic processing.

METHODS
Animals
Timed-pregnant CD-1 mice were purchased from Charles
River Laboratories (Wilmington, MA) and were housed in
individual cages on a 12:12 light–dark cycle (lights on at
07:00, off at 19:00). Mice were inspected in the morning
(before 12:00) and the delivery day was considered postnatal day 0. All experiments were approved by the UCSB
Institutional Animal Care and Use Committee.

Tissue Harvesting and Histology
At embryonic days (E) 13, 15, and 17, pregnant mice were
terminally anesthetized with an overdose of a mixture of
ketamine (100 mg/kg) and xylazine (10 mg/kg). Their
uterus was dissected and kept in 0.1 M phosphate-buffered
saline (PBS, pH 7.2) on ice. Embryos were removed from
the uterus, immediately decapitated, and their brains were

5-HT4 Receptors in the Developing Brain

167

Figure 1 The speciﬁcity of the primary anti-5-HT4-R antibody and the secondary biotinylated
antibody tested in horizontal E17 sections. All three sections were imaged with the same illumination and camera settings. A: A section stained with the goat anti-5-HT4-R antibody. B: A section
stained with the goat anti-5-HT4-R antibody preincubated with the peptide against which it has
been raised. Note the signal inhibition in the anterior cortical plate, the striatum, and the hippocampus. C: A section stained with the goat anti-5-HT4-R antibody omitted. Scale bar ¼ 1000 lm.
[Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
dissected with ﬁne forceps under a stereoscope. At postnatal days (P) 3 and 14, pups were decapitated and their
brains were dissected with ﬁne forceps (P3) or rongeurs
(P14).
Brains for immunohistochemistry or Nissl-staining were
immersion-ﬁxed overnight in 4% paraformaldehyde or in
4% paraformaldehyde with 2% glutaraldehyde at 48C, cryoprotected in 30% sucrose at 48C, and used immediately or
stored in a cryoprotectant containing 30% sucrose, 1% polyvinylpyrrolidone (PVP-40), and 30% ethylene glycol in
PBS. Brains were embedded in 20% gelatin (bloom 275),
incubated for 3 h in formalin with 20% sucrose at room
temperature, and sectioned (coronally or horizontally) at
40–50 lm thickness on a freezing microtome. Sections
were kept in PBS for immediate processing or stored at
208C in the cryoprotectant.

Nissl Staining
Sections were rinsed in PBS and water, mounted onto gelatin/chromium-subbed slides, allowed to air-dry, Nisslstained with 0.25% thionin, dehydrated in a graded series of
ethanols, differentiated in 1% glacial acetic acid in 95%
ethanol, further dehydrated in absolute ethanol, cleared in
xylenes, and coverslipped with Permount.

5-HT4-R and 5-HT Immunohistochemistry
All rinses and incubations were performed at room temperature unless otherwise indicated. For 5-HT4-R immunohistochemistry, sections were rinsed in 0.1 M PBS (pH 7.2);
blocked for 1 h in 3% normal donkey serum (NDS, Jackson
ImmunoResearch) in PBS; incubated for 1–4 days at 48C in
1:100 (2 lg/mL) goat anti-5-HT4-R IgG (Santa Cruz Biotechnology, sc-32566) with 2% NDS in PBS; rinsed three

times (10 min each) in PBS; incubated for 90 min in 1:2000
biotinylated donkey anti-goat IgG (Jackson ImmunoResearch) with 2% NDS in PBS; rinsed three times (10 min
each) in PBS; incubated for 1 h in 1:100 avidin-biotin-peroxidase complex (ABC Elite Kit, Vector Labs) in PBS;
rinsed three times (10 min each) in PBS; developed for
5 min in 0.05% 3,30 -diaminobenzidine tetrahydrochloride
(DAB; ISOPAC, Sigma-Aldrich) with 0.01% H2O2 in PBS;
rinsed in PBS; mounted onto gelatin/chromium-subbed
glass slides and allowed to air-dry; cleared in xylenes and
coverslipped with Permount. The speciﬁcity of the primary
antibody was tested by preincubating the goat anti-5-HT4-R
IgG with the peptide against which it has been raised (Santa
Cruz Biotechnology, sc-32566P). The antibody and the
peptide were incubated overnight at 48C at the concentrations of 10 and 200 lg/mL, respectively, centrifuged at
21,000g for 10 min, and the supernatant was further diluted
to the working antibody concentration (2 lg/mL) in PBS
with 2% NDS prior to the incubation of sections. The speciﬁcity of the secondary antibody was tested at all developmental time points by omitting the primary antibody. The
preincubation with the peptide resulted in inhibition of
immunoreactivity, which was completely abolished if the
primary antibody was omitted (see Fig. 1).
In some sections, immunolabeling was further enhanced
(Donovan et al., 2002; Janusonis et al., 2006). Brieﬂy, airdried sections on slides were incubated for 1 h in 1.42% silver nitrate at 568C in a water bath; rinsed for 15 min in running deionized water; incubated for 10 min in 0.2% gold
chloride in the dark at room temperature; rinsed for 5 min
in running deionized water; incubated for 5 min in 5% sodium thiosulfate; rinsed for 10 min in running deionized
water; dehydrated in a series of graded ethanols; cleared in
xylenes and coverslipped with Permount.
For 5-HT immunohistochemistry, sections were rinsed
in PBS, blocked for 30 min in 2% NDS in PBS; incubated
Developmental Neurobiology
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for 1–4 days at 48C in 1:1000 rabbit anti-5-HT IgG (ImmunoStar, #20080) with 2% NDS, 0.3% Triton X-100 in PBS;
rinsed three times (10 min each) in PBS; incubated for 60
min in 1:200 Cy3-conjugated donkey anti-rabbit IgG
(Jackson ImmunoResearch) with 2% NDS in PBS; rinsed
three times (10 min each) in PBS; mounted onto gelatin/
chromium-subbed slides; allowed to air-dry and coverslipped with Cytoseal 60.

5-HT4-R Immunohistochemistry with
Quantum Dots
All rinses and incubations were based on Giepmans et al.
(2005) and were performed at 48C. Sections were rinsed for
15 min in 0.1 M PBS (pH 7.2); blocked for 30 min in a
blocking buffer containing 3% NDS, 1% cold water ﬁsh
gelatin (Sigma-Aldrich), and 1% bovine serum albumin
(Sigma-Aldrich) in PBS; incubated overnight in 1:100 goat
anti-5-HT4-R IgG (Santa Cruz Biotechnology, sc-32566) in
a working buffer (WB, a 1:10 dilution of the blocking
buffer); rinsed for 25 min in WB; incubated for 3 h in 1:500
biotinylated donkey anti-goat IgG (Jackson ImmunoResearch) in WB; rinsed for 25 min in WB; incubated in
1:250 quantum dot (QD) 655-conjugated streptavidin
(Qdot655, Invitrogen, Q10121MP) in the Qdot incubation
buffer (Invitrogen, Q20001MP); and rinsed for 25 min in
WB. Sections were stored in WB at 48C, mounted onto gelatin/chromium-subbed slides, and allowed to air-dry. Sections were examined and imaged uncoverslipped [QD-signal is highly resistant to bleaching (Giepmans et al., 2005)]
or coverslipped with Cytoseal 60 (Richard-Allan Scientiﬁc). In our hands, Cytoseal 60 was superior to other
mounting media (e.g., Permount, Gelvatol) in preserving
the QD655-signal. QD655-labeled sections were not counterstained with DAPI because the absorption maxima of
both QD655 and DAPI are in the UV-spectrum and DAPI
signal rapidly degrades when sections are examined in the
QD655 channel.

DiI Tracing
DiI tracing was based on a published methodology (Catalano et al., 1991; Molnar and Cordery, 1999). Two cryoprotected E15 brains were bisected sagittally and small crystals
of 1,10 -dioctadecyl-3,3,30 ,30 -tetramethylindocarbocyanine perchlorate (DiI) were inserted into the thalamus with a ﬁne
insect pin under a stereoscope. After 7 days of incubation in
4% paraformaldehyde at 378C, the brain halves were embedded and sectioned as described in the \Tissue Harvesting and
Histology" section. Sections were mounted onto gelatin/chromium-subbed glass slides, allowed to air-dry, counterstained
with DAPI, and imaged.

Microscopy and Imaging
Sections were examined and imaged on a Zeiss Axio
Imager Z1 system equipped with standard epiﬂuorescence
Developmental Neurobiology

ﬁlter sets, a QD655 (40 nm emission) ﬁlter set (Chroma
Technology Corporation), and a color Zeiss AxioCam HRc
camera. Montages were assembled manually in high digital
magniﬁcation and the editing of images was limited to
global brightness, contrast, and gamma adjustments.

Quantitative RT-PCR
Brains of E13, E15, and E17 embryos were dissected from
the skull and their telencephala were isolated by carefully
cutting the telencephalon–diencephalon junction with
Dumont No. 5 forceps. Total RNA was immediately
extracted from the telencephalon with the RNeasy Plus
Mini Kit (Qiagen) according to the manufacturer’s instructions. To keep the total amount of fresh tissue within the
limits recommended by the manufacturer, both telencephalic hemispheres were used from E13 and E15 embryos,
but only one hemisphere from E17 embryos. The RNA
quality (the A260/A280 ratio) and concentration were
measured with a NanoDrop spectrophotometer and the samples were stored at 758C until further processing.
For each sample, around 100 ng of total RNA was
reverse-transcribed to cDNA in a PCR thermocycler using
the iScript cDNA Kit (Bio-Rad) according to the manufacturer’s instructions. Quantitative PCR analysis of the four
5-HT4-R splice variants (5-HT4(a)-R, 5-HT4(b)-R, 5-HT4(e)R, and 5-HT4(f)-R) was performed using the MyiQ single
color real-time PCR detection system (Bio-Rad). Each PCR
reaction (20 lL) was performed in triplicate and contained
the cDNA equivalent of *3 ng RNA, forward and reverse
splice variant-speciﬁc primers (0.5 lM each; Integrated
DNA Technologies), 0.2 mM dNTPs, 0.25 U Platinum Taq
DNA polymerase (Invitrogen), 0.73 SYBR Green I, and 10
nM ﬂuorescein in a PCR buffer containing 10 mM Tris-HCl
(pH 9.0 at 258C), 50 mM KCl, 2.5 mM MgCl2, and 0.1%
Triton X-100. The primers were designed in Beacon Designer (Premier Biosoft International, Palo Alto, CA) and
are given in Table 1. The ampliﬁcation conditions were as
follows: 948C (3 min); 45 cycles of 938C (15 s), 568C (15
s), 728C (90 s), 788C (20 s), and 828C (20 s); and the product melting curves were obtained by increasing temperature
from 60 to 958C in 0.58C increments. To minimize nonspeciﬁc signal, ﬂuorescence values used in the analysis were
obtained at the highest available temperature at which no
melting of the product double-stranded DNA was detected.
Cycle threshold values (Ct) were obtained from the linear
region of baseline-subtracted, log-transformed ampliﬁcation curves (the same threshold was used for all ampliﬁcations). Because of very low levels of some 5-HT4-R mRNA
splice variants (especially at E13), nonspeciﬁc products
(such as primer-dimers) were detected in some ampliﬁcations. The identity of these nonspeciﬁc products was
conﬁrmed in control ampliﬁcations with no template.
Ampliﬁcations that yielded only nonspeciﬁc products or
nonspeciﬁc products with melting temperatures higher than
the analysis temperature were eliminated from the triplicate. Controls with no reverse transcription indicated no
contamination with genomic DNA.

174
197
TTCTCTATGGTGTCACTGGGCTC
GGAAGGCGGAATGTATCTGG
GATCTTTGCAGGCAAGCAGCT
GTTGGTGATTGTTGGTTTAAGGG

120
121
134
190
143
117
ACTGTGCAAAACTGTATACCTTAG
TTGCCTCTGCTCTTGGAAA
GGAACAGGTCTATTGCGGAAG
TAGTAACCTGTTCATGCAGACAC
AGAAAGACCAGTCCTTGCTGAAG
AGTGTAGCCCAAGATGCCCTTC
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We made an effort to make mRNA amounts comparable
across different splice variants. The relative mRNA
amounts were calculated as 1=ð2Ct 3 BP 3 FÞ, where BP
is the PCR product length in base pairs and F is a correction
factor (0.786–1.000) that accounts for the decrease in
SYBR green ﬂuorescence as a function of temperature
(Monte Radeke, personal communication). For a given
primer pair, BP and F were constant. The obtained 5-HT4
mRNA amounts were normalized to the geometric mean of
the mRNA amounts of four housekeeping genes (Table 1).
Statistical analysis was performed in SPSS 17.0 (SPSS) and
the level of signiﬁcance was set at p < 0.05.

RESULTS
During embryonic development, the mouse telencephalon rapidly increases in size (see Fig. 2). This
increase is caused by the proliferation, migration,
and maturation of neurons in the telencephalon and
by the arrival and maturation of projections from
the diencephalon and the brainstem. At E13, a
stream of 5-HT4-R-immunoreactive (5-HT4-Rir)
ﬁbers was detected in the lateral diencephalon. In
horizontal sections, these ﬁbers appeared to abruptly
change their direction between the caudal and rostral
diencephalon and advance in the caudal–rostral
direction in the rostral diencephalon. At the same
horizontal level, a stream of 5-HT4-Rir ﬁbers was
observed in the striatum; a densely labeled cluster
of these ﬁbers appeared to be perpendicular to the

NM_019639 (housekeeping gene)
NM_013684 (housekeeping gene)

Y09587
Y09585
Y09588
AJ011369
NM_009735 (housekeeping gene)
NM_008084 (housekeeping gene)

5-HT4(a)
5-HT4(b)
5-HT4(e)
5-HT4(f)
b2-Microglobulin (B2M)
Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)
Ubiquitin C (UBC)
TATA box binding
protein (TBP)

ATCCTCTGCTGTGATGATGAG
CCTGGACAATGACCTAGAAGAC
ATCCTCTGCTGTGATGATGAG
ACCTGTTCCCGTCTAACTGAG
GGAGAATGGGAAGCCGAACATAC
AATGTGTCCGTCGTGGATCTGA

Product
Length (bp)
Target mRNA
Target mRNA Accession

Table 1 Quantitative RT-PCR Primers Used in the Study

Forward Primer (50 –30 )

Reverse Primer (50 –30 )

5-HT4 Receptors in the Developing Brain

Figure 2 The development of the body (A) and the brain
(B) of the CD-1 mouse during embryonic days (E) 13–17.
Scale bars ¼ 5 mm in (A) and 3 mm in (B). [Color ﬁgure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 3 5-HT4-R immunoreactivity (DAB) in the embryonic mouse brain at E13. (A) A lowmagniﬁcation image of a horizontal section. (B) A corresponding negative control section. Negative control sections at the later developmental time points also had negligible background immunoreactivity (not shown). (C) A montage of another horizontal section. Note the 5-HT4-Rir ﬁbers in
the lateral diencephalon and in the striatum (arrows). (D) A high-magniﬁcation image of the diencephalic 5-HT4-Rir ﬁbers in (C). These ﬁbers appear to abruptly change their direction between the
rostral and caudal diencephalon (arrow). De, diencephalon; IV, fourth ventricle; LV, lateral ventricle; Te, telencephalon. Scale bars ¼ 1000 lm in (A, B); 400 lm in (C); and 100 lm in (D). [Color
ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

horizontal plane (i.e., oriented in the ventral–dorsal
direction) (see Fig. 3). This trajectory of the ﬁbers
was consistent with the trajectory of the thalamocortical ﬁbers that originate in the dorsal thalamus,
pass through the rostrally located ventral thalamus,
and make an abrupt turn dorsally before entering the
telencephalon (Molnar et al., 1998; Sherman and
Guillery, 2006).
Two days later (at E15), strong 5-HT4-R immunoreactivity was observed in the ﬁbers that originated in
the diencephalon and entered the developing striatum
(see Fig. 4). In the striatum, these ﬁbers were organized in fascicles that fanned out in a pattern typical of
the thalamocortical projections (Molnar et al., 1998)
(see Fig. 4). Silver-gold intensiﬁcation revealed
Developmental Neurobiology

intensely stained 5-HT4-Rir ﬁbers in the diencephalon-telencephalon junction and in the striatum (see
Fig. 5). Upon entering the telencephalon, some 5HT4-Rir ﬁbers turned rostrally to reach the frontal
cortex and provided dense input to the developing anterior cingulate cortex [Fig. 5(A,D)].
In rodents, the brainstem serotonergic projections
arrive in the telencephalon around the same developmental time (Lidov and Molliver, 1982; Wallace and
Lauder, 1983; Bruning et al., 1997). Therefore, we
next investigated the relationship of these brainstem
projections to the 5-HT4-Rir ﬁbers. At E15, we traced
thalamocortical projections with DiI crystals
implanted into the thalamus and, in other E15 brains,
used 5-HT-immunohistochemistry to reveal the tra-
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jectory of the serotonergic ﬁbers in the diencephalon
and the telencephalon (see Fig. 6). Most of the 5-HTimmunoreactive (5-HTir) ﬁbers reached the telencephalon by following a straight caudal–rostral
trajectory in the ventral forebrain [Fig. 6(F–G)]. In
contrast, most of the thalamocortical ﬁbers entering
the telencephalon were located more dorsally [Fig.
6(B,C)]. At some horizontal levels, thalamocortical
ﬁbers and 5-HTir ﬁbers entered the telencephalon as
two adjacent ﬁber streams [Fig. 6(C,F)]. In the telencephalon, these projections immediately turned rostrally and laterally, respectively, suggesting a possible repulsive interaction between them [Fig. 6(C,F)].

171

The trajectory of the previously described 5-HT4-Rir
ﬁbers was consistent with the trajectory of the thalamocortical ﬁbers and inconsistent with the trajectory
of the 5-HTir ﬁbers. The 5-HT4-Rir ﬁbers are
unlikely to be corticothalamic because these projections develop later, after E16 in the rat (Molnar and
Cordery, 1999).
At E17, the thalamocortical projections exhibited
low 5-HT4-immunoreactivity in the diencephalon-telencephalon junction and in the striatum. However,
densely stained 5-HT4-Rir ﬁbers were present in the
cortical intermediate zone (see Figs. 7 and 8). These
ﬁbers were observed in both coronal and horizontal
sections at all telencephalic levels. They overlapped
with serotonergic (5-HTir) ﬁbers that are also present
in the intermediate zone and subplate at this developmental time (Janusonis et al., 2004), but the 5-HTir
ﬁbers contained varicosities, were more loosely
organized, and did not form well-deﬁned fascicles.
Also, another stream of 5-HTir ﬁbers was observed in
the cortical marginal zone, as previously described
(Janusonis et al., 2004). In contrast, no 5-HT4-Rir
ﬁbers were detected in the marginal zone [Fig.
8(F,G)]. Taken together, these results suggest that the
5-HT4R-ir ﬁbers in the intermediate zone were thalamocortical and not serotonergic.
We next tested whether the 5-HT4-Rir ﬁbers could
be visualized with QDs. This part of the study was
largely methodological, as QDs hold great promise
for future correlative light and electron microscopy
(Giepmans et al., 2005; Sosinsky et al., 2007), but the
reliability of this technique continues to be debated
(Resch-Genger et al., 2008). We achieved satisfactory
Figure 4 5-HT4-R immunoreactivity in the embryonic
mouse brain at E15. (A) A Nissl-stained horizontal section.
(B) A corresponding horizontal section immunostained
(DAB) for 5-HT4-R. Note the 5-HT4-Rir ﬁbers in the diencephalon and in the striatum. The strong immunoreactivity
in the lower brainstem (asterisk) is consistent with the previous ﬁndings of 5-HT4-R binding studies in the embryonic
rodent brain (Waeber et al., 1994, 1996). (C) 5-HT4-Rir
ﬁbers in the striatum (a high-magniﬁcation image of the
section in (B)). (D) Fascicles formed by the 5-HT4-Rir
ﬁbers in the striatum (a high-magniﬁcation of the section in
(C)). (E) 5-HT4-Rir (DAB) ﬁbers entering the internal capsule in a horizontal section ventral to the section in (B–D).
(F) 5-HT4-R immunoreactivity (DAB) in a horizontal section ventral to the section in (E). Note the virtual absence of
somatic immunoreactivity in (B–F). De, diencephalon; IC,
internal capsule; III, third ventricle; IV, fourth ventricle;
LV, lateral ventricle; St, striatum. Scale bars ¼ 1000 lm in
(A, B); 200 lm in (C, E, F); and 50 lm in (D). [Color ﬁgure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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Figure 5 5-HT4-R immunoreactivity (DAB with silver-gold intensiﬁcation) in the embryonic
mouse brain at E15. (A–C) Low-magniﬁcation images of horizontal sections at three different dorsal–ventral levels. (D–F) High-magniﬁcation images of the sections in (A–C), respectively. Note
high 5-HT4-R immunoreactivity in the telencephalon–diencephalon junction (C, F), the striatum
(B, E), and the anterior cingulate cortex (A, D). ACC; anterior cingulate cortex; De, diencephalon;
LV, lateral ventricle; St, striatum; Te, telencephalon. Scale bars ¼ 1000 lm in (A–C) and 200 lm
in (D–F). [Color ﬁgure can be viewed in the online issue, which is available at www.interscience.
wiley.com.]

labeling of 5-HT4-Rir ﬁbers at E17 with QD655 conjugated to streptavidin [Fig. 8(E)]. This result suggests that 5-HT4-Rs in the thalamocortical ﬁbers are
located in the membrane and are not internalized
(Barthet et al., 2005), since QDs are relatively large
and cannot readily penetrate the cell membrane
(Resch-Genger et al., 2008). It should be noted that
QD655-labeled sections had to be imaged within
days and, after exposure to mounting media (Permount, Gelvatol, Cytoseal 60), the QD655-signal often deteriorated into a uniform background. Of the
three mounting media, Cytoseal 60 gave the best
preservation of the signal.
Somatic 5-HT4-R immunoreactive labeling was
virtually absent from the diencephalon and the telencephalon at E13 and was relatively weak at E15.
At E17, 5-HT4-Rir somata were present in the cortical plate; typically, they appeared to be more
intensely stained in the lower (developmentally
older) cortical layers immediately above the 5-HT4Rir ﬁbers [Fig. 8(B,D)]. To study the developmental
Developmental Neurobiology

expression of the four 5-HT4-R splice variants in
the telencephalon, we dissected the telencephala of
E13, E15, and E17 mice and analyzed them with
quantitative RT-PCR (see Fig. 9 and Table 2). This
approach can distinguish the 5-HT4-R expression in
the telencephalic cells from the 5-HT4-R expression
in the axons originating in other brain regions, since
distal axons contain no ribosomes and mRNA
(Peters et al., 1991; Vilaro et al., 2005). From E13
to E17, we found a ninefold increase in the telencephalic 5-HT4(a) mRNA levels and a ﬁvefold
increase in the telencephalic 5-HT4(b) mRNA levels
[Fig. 9(D,E)]. No signiﬁcant change was found in
the telencephalic 5-HT4(e) and 5-HT4(f) mRNA levels, which remained very low throughout the studied period of embryonic development [Fig. 9(F,G)].
No 5-HT4-R immunoreactivity was detected in
the thalamocortical ﬁbers postnatally at P3 and P14
(see Fig. 10). At these developmental times, the distribution of 5-HT4-R immunoreactivity resembled
that in the adult rodent brain (Vilaro et al., 2005).
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Figure 6 Thalamocortical and serotonergic (5-HTir) projections at E15. (A) DiI crystals
implanted in the thalamus (arrow). (B–D) Thalamocortical ﬁbers (DiI, red) in horizontal sections
at three different dorsal–ventral levels. The sections have been counterstained with DAPI (blue).
(E–G) 5-HTir ﬁbers (Cy3, red) in horizontal sections at three different dorsal–ventral levels corresponding to the levels in (B–D). Note that the majority of the 5-HTir ﬁbers entering the telencephalon are located ventral to the thalamocortical ﬁbers. Scale bar ¼ 1000 lm (in B–G). [Color ﬁgure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 7 5-HT4-R immunoreactivity in the embryonic mouse brain at E17. (A) A Nissl-stained
coronal section, in which the distribution of the white matter is clearly visible. (B) 5-HT4-R immunoreactivity (DAB) in a corresponding section. (C, D) High-magniﬁcation images of the sections in
(A, B). Note the absence of 5-HT4-R immunoreactivity from the thalamocortical ﬁbers entering the
internal capsule (white arrow) and the presence of 5-HT4-R immunoreactivity in the putative thalamocortical ﬁbers (black arrows) in the cortical intermediate zone (IZ). CP, cortical plate; III, third
ventricle; LV, lateral ventricle. Scale bars ¼ 1000 lm in (A, B) and 200 lm in (C, D). [Color ﬁgure
can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Speciﬁcally, high 5-HT4-R immunoreactivity was
found in the piriform cortex, the cortical amygdala,
the habenula, the hippocampus, and the hypothalamus. Virtually all 5-HT4-R immunoreactivity was
somatic.

DISCUSSION
A major ﬁnding of this study is that the mouse thalamocortical projections transiently express 5-HT4-Rs
during embryonic development. As the 5-HT4-Rexpressing thalamocortical axons spread in the
cortical intermediate zone at E17, their proximal segments (located in the thalamus and in the diencephalon-telencephalon junction) begin to lose 5-HT4-R
immunoreactivity and, by postnatal day 3, no 5-HT4R immunoreactivity can be detected throughout the
thalamocortical axons. This ﬁnding suggests that 5HT4-Rs may play a role in the growth and/or guidance of the thalamocortical projections. Since the
serotonergic projections from the brainstem raphe
Developmental Neurobiology

nuclei reach the telencephalon at approximately the
same developmental time as the thalamocortical projections (Lidov and Molliver, 1982; Wallace and
Lauder, 1983; Bruning et al., 1997) and the presynaptic elements of the serotonergic projections mature
early (Ivgy-May et al., 1994), the 5-HT released from
these ﬁbers may be detected by thalamocortical axons
that express 5-HT4-Rs. The exact nature and signiﬁcance of this interaction remains unclear. Interestingly, the serotonin 5-HT1A, 5-HT1B, 5-HT1D, and 5HT1F receptors are also transiently expressed in the
dorsal thalamus of the embryonic mouse (Bonnin et
al., 2006). In embryonic mice 5-HT modulates the
response of some thalamocortical ﬁbers to netrin-1;
this interaction appears to depend on 5-HT1B/1D
receptors (Bonnin et al., 2007).
After having entered the telencephalon, the
developing thalamocortical ﬁbers make a sharp dorsal turn (Catalano et al., 1991; Molnar et al., 1998),
away from the serotonergic ﬁbers that have already
entered the telencephalon but that at this developmental time are located more ventrally (see Fig. 6).
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Figure 8 5-HT4-R immunoreactivity in the embryonic mouse brain at E17. (A) 5-HT4-R immunoreactivity (DAB) in a coronal section of the telencephalon. (B) A high-magniﬁcation image of the section in
(A). (C) 5-HT4-R immunoreactivity (DAB) in a horizontal section. (D) A high-magniﬁcation image of
the section in (C). (E) 5-HT4-R immunoreactivity (QD655) in a horizontal section. Note that the QD-signal is comparable to the signal produced with DAB as a chromogen. (F) A high-magniﬁcation image of
the section in (D). (G) Serotonergic (5-HTir) ﬁbers in a comparable horizontal section. In the intermediate
zone (IZ), 5-HTir ﬁbers overlap with 5-HT4-Rir ﬁbers, but the overall appearance and distribution of serotonergic ﬁbers is different (also, note the 5-HTir ﬁbers in the marginal zone (MZ) where no 5-HT4-Rir
ﬁbers are present). CP, cortical plate; De, diencephalon; IV, fourth ventricle; LV, lateral ventricle; St,
striatum; Te, telencephalon. Scale bars ¼ 1000 lm in (A, C); 200 lm in (B, D, E); and 100 lm in (F, G).
[Color ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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Figure 9 Quantitative RT-PCR analysis of the 5-HT4-R splice variants in the embryonic telencephalon (E13–E17). (A) The part of the brain used in the analysis (shown in black). (B) Representative, log-transformed ampliﬁcation curves (5-HT4(a)-R) obtained in the same quantitative PCR run.
(C) Representative melting curves of the ampliﬁcation product obtained with the primers speciﬁc
for the 5-HT4(a)-R variant. (D, E) The normalized mRNA amounts of the four mouse 5-HT4-R splice
variants at the three embryonic time points. The error bars are the standard errors of the means. The
points marked with # represent a signiﬁcant post hoc difference compared with the point at E13. The
point marked with an asterisk (*) represents a signiﬁcant post hoc difference compared with the
point at E15. No speciﬁc 5-HT4(e)-R ampliﬁcation product was detected at E13; this point was plotted as zero and was not used in the statistical analysis. RFU, relative ﬂuorescence units; –d(RFU)/
dT, the negative ﬁrst derivative of RFU with respect to temperature; T, telencephalon (in A).
Developmental Neurobiology
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Table 2 Statistical Comparison of mRNA Amounts at Three Embryonic Time Points (E13, E15, and E17)
ANOVA

5-HT4(a)
5-HT4(b)
5-HT4(e)
5-HT4(f)

Regression

g

F

df

p

R

F

df

p

0.794
0.566
0.004
0.278

13.5
5.22
0.022
0.962

2, 7
2, 8
1, 5
2, 5

0.004
0.035
0.887
0.443

0.768
0.565
0.004
0.277

26.5
11.7
0.022
2.30

1, 8
1, 9
1, 5
1, 6

0.0009
0.008
0.887
0.180

2

2

Since linear regression is likely to have more statistical power than ANOVA when the independent variable can be measured on a continuous scale (Lazic, 2008), the results of both analyses are given in the table.

Likewise, in horizontal sections, the thalamocortical
and serotonergic projections appear to turn away
from each other as soon as they leave the narrow
diencephalon-telencephalon junction (see Fig. 6). In
light of these observations, it is intriguing to speculate that during embryonic development thalamocortical and serotonergic ﬁbers may directly interact. This hypothesis may also shed light on the
highly conserved developmental \sandwiching" of
the cortical plate between two layers of serotonergic ﬁbers (Lidov and Molliver, 1982; Wallace and
Lauder, 1983; Bruning et al., 1997; Verney et al.,
2002; Janusonis et al., 2004). By being embedded
between two layers of ﬁbers rich in 5-HT, the cortical plate may present a nonpermissive environment
to the thalamocortical projections that, at least in
some species, can enter the cortical plate only after
the \waiting period" in the subplate is over (Rakic,
1977; Kostovic and Rakic, 1990; Ghosh and Shatz,
1992; Molnar et al., 1998).
Since 5-HT4-Rs can exhibit high-constitutive activity (Claeysen et al., 1999; Pellissier et al., 2009) in
the absence of a ligand, it is also possible that the
expression of 5-HT4-Rs can lead to elevated intracellular cAMP levels even if extracellular 5-HT levels
are low. Since the four mouse 5-HT4-R splice
variants exhibit different levels of constitutive activity (Claeysen et al., 1999), the exact splice variants expressed by the thalamocortical projections
may have important developmental consequences.
Addressing this problem directly poses technical
challenges, since axons typically do not contain
mRNA (Peters et al., 1991; Vilaro et al., 2005) and
the cell bodies of thalamocortical neurons are located
in the thalamus, in the immediate vicinity of other
neurons that do not project to the telencephalon.
Obtaining splice-speciﬁc in situ hybridization signal
remains difﬁcult (Vilaro et al., 2005) and, to our
knowledge, no speciﬁc antibodies currently exist for
the 5-HT4(e) and 5-HT4(f) splice variants.
The developing thalamocortical projections are
known to transiently express other molecules that
detect extracellular 5-HT levels. During early post-

natal development in rodents, the thalamocortical
neurons transiently express the 5-HT transporter
(SERT) that is located on their axons and terminals
(Lebrand et al., 1996). It is thought that these neurons
use 5-HT as a \borrowed neurotransmitter," since
they also express the vesicular monoamine transporter (VMAT2) and their terminals contain 5-HT
during early postnatal development (Lebrand et al.,
1996). Virtually no SERT is expressed in the embryonic mouse thalamus up until birth (Lebrand et al.,
1998), which suggests that the transient SERT
expression starts immediately after the transient 5HT4-R expression ends. It remains unknown if these
two processes are functionally related. It should also
be noted that the transient SERT expression has not
been found in the thalamus of the common marmoset
(a primate) (Lebrand et al., 2006), raising a question
of whether the transient 5-HT4-R expression is
rodent-speciﬁc or whether it is present in other mammalian species, including humans.
The potential importance of 5-HT4 receptors in the
development of the thalamocortical projections raises
questions about the role of these receptors in autism
spectrum disorders (ASDs). Individuals with ASDs
often show sensory hypersensitivity (Baranek et al.,
2007; Gomes et al., 2008), which is intriguing considering that virtually all sensory inputs reach the cerebral cortex by way of thalamocortical projections and
that the development of the sensory cerebral cortex is
inﬂuenced by the thalamic inputs. Also, mice lacking
functional 5-HT4-Rs are more prone to seizures than
wild-type mice (Compan et al., 2004), which may be
due to their abnormal thalamocortical connectivity.
Around 25% children with ASDs suffer epileptic
seizures (Besag, 2009). Since 5-HT4-Rs play a major
role in the development and physiology of the gut
(Schworer and Ramadori, 1998; Mader et al., 2006;
Liu et al., 2009) and they are also expressed in blood
platelets (Amisten et al., 2008; Serebruany et al.,
2009), 5-HT4-R abnormalities are also likely to lead
to gastrointestinal and blood pathology. The comorbidity of ASDs and gastrointestinal problems has
been often reported (Gilger and Redel, 2009), and the
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Figure 10 5-HT4-R immunoreactivity in the postnatal mouse brain at P14. (A) A Nissl-stained
coronal section. (B) 5-HT4-R immunoreactivity (DAB) in a corresponding section. (C) A highmagniﬁcation image of the section in (B). (D) 5-HT4-R immunoreactivity (DAB) in a horizontal
section. Am, amygdala; Hb, habenula; HC, hippocampus; Hy, hypothalamus; LV, lateral ventricle;
Pir, piriform cortex; Th, thalamus. Scale bars ¼ 1000 lm in (A, B, D); and 200 lm in (C). [Color
ﬁgure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

elevated 5-HT levels in blood platelets are considered
to be one of the most well-replicated biological
abnormalities in ASDs (Anderson et al., 1990;
Anderson, 2002; Mulder et al., 2004; Janušonis,
2008). Interestingly, both thalamocortical maturation
and blood platelet 5-HT levels correlate with body
mass in young mice (Hoerder-Suabedissen et al.,
2008; Albay et al., 2009).
With respect to the cellular localization of 5-HT4R immunoreactivity, the developmental dynamics of
the 5-HT4-R expression in the mouse forebrain is
consistent with the ﬁndings in the developing rodent
brainstem. We found little 5-HT4-R immunoreactivity in the forebrain somata before E15. Somatic 5HT4-R immunoreactivity rapidly increased after E15
and, postnatally, virtually all 5-HT4-R immunoreactivity was somatic. Another study has reported a similar developmental switch in the rat pre-Bötzinger
complex, where most of 5-HT4-R immunoreactivity
is present in the neuropil at E18–E20, but rapidly
changes to somatic after birth (Manzke et al., 2008).
Developmental Neurobiology

These results suggest that 5-HT4-Rs may play a more
general role in the development of brain projections.
Since the functionality of these receptors is controlled
by a large number of post-transcriptional events, current genetic studies in humans may be limited in their
ability to detect potential links between altered 5HT4-R function and developmental brain disorders.
The authors thank Rebecca Maichrowicz for assistance
with brain histology; Angela Chen for assistance developing RT-PCR procedures; and Lincoln Johnson, Monte
Radeke, and Natasha Galo for advice on quantitative RTPCR.
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